Introduction
The interplay of nearly free conduction electrons and localized f-electrons in heavy fermion materials gives rise to a fascinating competition between magnetism and the heavy Fermi liquid resulting from the hybridization of c-and f-electrons [1] . This competition is thought to generate rich phase diagrams containing not only heavy Fermi liquids and magnetically ordered phases [2] , but superconductivity and exotic spin liquid phases [3, 4] . All of this physics emerges from a single Kondo channel -a single symmetry in which conduction electrons can screen the local moments. When a second Kondo channel is added, the physics is potentially even richer. This new physics is particularly relevant for actinide materials, where the larger 5f orbitals lead to more mixed valency than their rare-earth cousins, with correspondingly higher temperature scales. In this paper we review two exotic new phases proposed to result from the interference of competing screening channels: "hastatic order" associated with the two screening channels of a non-Kramers doublet and "composite pairing" occuring when a Kramers double interacts with two different channels, one hole-like (c) and the other electron-like (c † ). Both proposals are motivated by real materials: hastatic order is a possible explanation of the hidden order in URu 2 Si 2 [5] and composite pair superconductivity may explain how superconductivity can arise directly out of a Curie paramagnet in certain "115" materials like CeM In 5 (M = Co,Ir) [6, 7] and NpPd 5 Al 2 [8] . Heavy fermion materials contain two species of electrons: nearly free conduction electrons and strongly interacting f-electrons that are localized at high temperatures. The Kondo effect is an antiferromagnetic interaction through which the conduction electrons screen the local moments to form Kondo singlets, giving rise to a heavy Fermi liquid. The Kondo effect can also be thought of as a hybridization between two types of electrons; however, as the f-electrons are strongly interacting, the object hybridizing with the conduction electrons is not the original f-electron, but rather a composite fermion consisting of a conduction electron and a spin flip, f † ↑ ∼ c † ↓ S + . In the single-channel Kondo effect, this hybridization is generated by valence fluctuations of the f-ion from a ground state doublet to an excited singlet state, as shown in Fig  1(a) . As the excited singlet carries no quantum numbers, it breaks no symmetries and the Kondo effect develops as a crossover. This process is captured in the single-channel Anderson model,
where |0 and |σ represent the empty (excited) and singly-occupied (ground) states of the f-ion, and the doubly occupied states, |2 are forbidden. Typically, we solve this model by introducing a slave boson, b † |Ω to represent the excited singlet, |0 and a pseudo-fermion, f † σ |Ω to represent the ground state doublet, |σ , where |Ω is the particle vacuum [9] . The development of a coherent Kondo effect is then captured by the development of b at the Kondo temperature, T K , which decreases the valence, n f = 1 − b 2 . In this mean field approach, the Kondo affect appears as a phase transition, but as it is not protected by symmetry, gauge fluctuations restore it to a crossover [10] .
While the usual Kondo effect involves an excited singlet, the twochannel Kondo effect involves an excited doublet, protected by channel symmetry. The development of Kondo coherence breaks this channel symmetry, causing the coherence to onset at a phase transition rather than a crossover. Typically the channel symmetry will coincide with another physical symmetry; in our two examples, these are time-reversal and particle-hole symmetry. These two symmetries describe the two main classes of twochannel Kondo problems, and can be distinguished by the number of f-electrons. The single-channel Kondo effect typically results from materials with an odd number of f-electrons, where the ground state is guaranteed to be a Kramers doublet, protected by time-reversal symmetry. The excited states contain even numbers of f-electrons and are usually taken to be singlets, unprotected by time-reversal symmetry.
Atoms with even numbers of f-electrons can also have doublet ground states; these non-Kramers doublets are protected by crystal symmetry rather than time-reversal symmetry. Here, valence fluctuations involve excited states with an odd number of f-electrons: Kramers doublets. This scenario is illustrated in Fig 1(b) , where now the two excited states each require a slave boson,ψ ↑ and ψ ↓ that can be packaged into a spinor,Ψ = (ψ ↑ ,ψ ↓ ). The development of Kondo coherence, Ψ requires the spinor to pick a direction in spin-space, breaking both spin-rotation and time-reversal symmetries. In fact, as here the "order parameter"Ψ carries a half-integer spin and behaves as a spinor, the resulting state is more subtle than the conventional, vectorial magnetic order. This spinorial hybridization is what we have termed hastatic order [11] ; the primary order parameter is the hybridization gap, but all other symmetry breaking observables are suppressed by T HO /D, where hastatic order onsets at T HO and D is the bandwidth, making this state difficult to observe, and a good candidate to explain hidden order in URu 2 Si 2 .
The ground state Kramers doublet can also exhibit two channel Kondo physics; one case involves valence fluctuations to two excited singlets that differ by charge 2e: Fig 1(c) . If these two excited singlets have the same energy, they form an isospin doublet. The two channel Kondo effect then breaks U(1) charge conjugation symmetry to form a composite pair superconductor [12, 13] , where the Kondo temperature becomes the superconducting transition temperature, T c . Composite pairs are to Cooper pairs what composite fermions are to electrons -they incorporate a local moment spin-flip, ∆ C ∼ c † 1↑ c † 2↑ S − , and here two conduction electrons in different channels (1,2) screen the same local moment, creating a local pair [14] .
While the distinct broken symmetries mean the two phases appear quite different, their Kondo origins lead to several key similarities. Above T K ≡ T HO , T c , the local moments are mainly unquenched, leading to a Curie-Weiss susceptibility that is quenched at T HO or T c and a large entropy of condensation related to the 1 2 R log 2 zero point entropy of the two channel Kondo impurity. Real systems will include fluctuations missing from the meanfield calculations that will partially quench the moments above the transition temperature, possibly quite differently for the two phases. Both phases involve the development of a hybridization gap -for hastatic order, this is the typical hybridization gap centered either above or below the Fermi energy, E F , while for composite pairing, the superconducting gap is a hybridization The problem of hidden order in URu 2 Si 2 is one of the oldest in condensed matter. At high temperatures, URu 2 Si 2 looks like a typical heavy fermion material with Ising magnetic moments. However, at T HO = 17.5K, it undergoes a mean-field-like phase transition involving nearly one-third of the spin entropy [5] . The order parameter developing at this phase transition has eluded identification for over 27 years, leading to the name "hidden order" [18] .
While there is currently no consensus on the relative importance of itinerant and local physics in URu 2 Si 2 , or even on the dominant valence of the uranium ion, with various probes suggesting either 5f 2 or 5f 3 [19, 20, 21] , the large magnetic anisotropy seen both in the high temperature susceptibility [5] and in de Haas-van Alphen (dHvA) measurements at low temperatures [22] is difficult to reconcile with a Kramers doublet ground state. In particular, the observation of Ising-like conduction electrons at low temperatures, suggests that the conduction electrons must be hybridized with an Ising, and thus non-Kramers doublet. The possible nonKramers doublet [23] ,
is always Ising-like, while 5f 3 Kramers doublets are Ising-like only when finely-tuned [24] . Therefore, we believe the URu 2 Si 2 ground state to be a non-Kramers doublet, and its hybridization must therefore break time-reversal symmetry.
There are several recent experiments hinting that the hidden order involves hybridization: STM experiments find that the hybridization gap and the heavy band development at T HO [25, 26] ; pump-probe optical measurements that find the quasiparticle lifetime increasing sharply below T HO [27] ; and dHvA finds that the heavy quasiparticles at low temperatures have a strong Ising anisotropy inherited from the f-electrons [22] . These results indicate that the hidden order is a hybridization between Ising (nonKramers) f-electrons and (inherently Kramers-like) conduction electrons. The most generic valence fluctuation term capturing this kind of hybridization is,
where |kσ represents a conduction electron with spin σ and momentum k, |α represents a Γ 5 state with pseudo-spin α and V σα the hybridization between them. The key difference between Kramers and non-Kramers states is their behavior under double-time-reversal symmetry. Kramers states pick up a negative sign, |kσ −→ −V σα , and so V σα transforms like a spinor, breaking both single and double time-reversal. In otherwords, V σα mixes a halfinteger spin state with an integer spin state and must itself carry a half-integer spin -this is the slave boson spinor representing the excited Kramers doublet. It is this spinorial hybridization that characterizes hastatic order [11] .
When this hastatic spinor orders, it develops not only a magnitude, the usual Kondo effect, but also selects a direction in spin space, breaking both time-reversal and spin-rotation symmetries. If the spinor is staggered and points along the magnetic c-axis, the resulting state is an antiferromagnet -actually a hastatic antiferromagnet where the large f-electron magnetic moments develop as a consequence of the hybridization, not magnetic ordering, although this state is mostly indistinguishable from a conventional antiferromagnet. If the hastatic spinor instead points in the basal plane, the resulting state has no large moments, and in fact strongly resembles the hidden order; this state is what we call hastatic order. As hastatic order is related to antiferromagnetism by a rotation, there is a first-order 'spin-flop' transition between the two (Fig. 3) , and so the hastatic picture easily captures the pressure phase diagram of URu 2 Si 2 [28] . The longitudinal spin fluctuations of the hastatic spinor vanish with a square root behavior at this first-order transition, ∆ ∼ √ T − T c , one of the key predictions of hastatic order. Hastatic order has several other experimental consequences. As the non-Kramers doublet is protected by tetragonal and time-reversal symmetries, the hybridization breaks both. Broken time-reversal symmetry leads to a staggered basal plane conduction electron moment whose magnitude is limited by T HO /D, where D is the conduction electron bandwidth, and has not yet been observed in URu 2 Si 2 , although recent neutron experiments suggest that any such moment must be smaller than 0.001µ B [29, 30, 31] , indicating a very small degree of mixed valency [32] ; this magnitude of moment is consistent with NMR and RXS experiments [33, 34] . Broken tetragonal symmetry has already been found, both as the development of a nonzero χ xy [35] and as a tiny orthorhombic distortion [36] . The quenching of the Curie-Weiss susceptibility at around 70K suggests that hastatic order melts via phase fluctuations, where the amplitude of the hybridization spinor develops at 70K, but the direction of the spinor remains disordered until the symmetry is broken at T HO , as shown in Fig 3 . Composite pairing is generated by the two-channel Kondo effect involving two different charges [12, 13] . The first Kondo effect forms a Kondo resonance as electrons scatter off the local moments; the second channel allows that resonance to itself resonate between electron and hole channels, creating a condensate of pairs; alternately, composite pairing can be thought of as an Andreev scattering of the conduction electrons off of the local moments, as shown in Fig 2 (c) . The pairing is strongest when the two channels have equal strengths, however, as the pairing term shares the Cooper logarithm, the ground state will always be superconducting, although T c is exponentially suppressed by the ratio of the channel strengths. The involvement of the local moments means that these are composite pairs, c † 1j↓ c † 2j↓ S + , which combine a triplet pair of conduction electrons in two orthogonal symmetries (1 and 2) with a local spin flip to make a charge 2e singlet. The particular symmetries of the two channels (determined by crystal fields) determine the symmetry of the pair; for the J = 5/2 Ce 115s, channel one is |Γ + 7 ± ∼ |J z = ±5/2 , while the second channel is thought to be |Γ 6 ± = |J z = ±1/2 , and so as the conduction electrons Andreev scatter, they must pick up two units of angular momentum, creating a d x 2 −y 2 -like composite pair [37] . These singlet, d-wave composite pairs have all the symmetries of a magnetic pair and so the two mechanisms can work in tandem to raise T c , as shown in the phase diagram of Fig. 4(b) [37]. The presence of a second mechanism in Ce (where 4f 1 fluctuates to both 4f 0 and 4f 2 ), but not in Yb (where 4f 13 only fluctuates to 4f 14 ) naturally explains the dearth of Yb superconductors. The presence of a second mechanism also explains how there can be two superconducting domes in CeM In 5 , as M is tuned from Rh to Ir to Co [38] , presumably changing the relative ratios of magnetic and composite pairing.
As composite and magnetic pairs are identical from a symmetry perspective, a key question is how to distinguish them. There are several important differences: first, composite pairing can emerge directly out of a Curie paramagnet, as seen in CeCoIn 5 [6] and NpPd 5 Al 2 [8] , which is difficult to obtain in a magnetic scenario. Secondly, composite pairing is a local phenomena, taking place mainly within a single unit cell, and as such it should be far more robust to disorder on the rare earth sites (which disturb only a single unit cell) than to disorder on the In sites (which disturb multiple unit cells); indeed, superconductivity persists up to 80% doping of Yb on the Ce site in CeCoIn 5 [39] , but is suppressed by 3% doping of Sn on In [40] . Finally, the Kondo nature of composite pairing means that it affects the charge of the f-ion, both by changing the valence and as higher multipole moments of the charge distribution [41] . The valence, n f (T ) changes smoothly through T * , but composite pairing develops as a phase transition and so leads to a sharp kink at T c . The f-valence can be measured by core-level x-ray spectroscopy in the Ce 115s and the Mőssbauer isomer shift in NpPd 5 Al 2 [42] . Similarly, as the electron and hole channels involve f-electron orbitals with different symmetries, the composite pair condensate carries a quadrupole moment. This moment also develops sharply at T c and can be measured with NQR. We estimated the NQR frequency shift to be ≈ 5 kHz/K [41] , and a shift of this magnitude has been observed in both CeCoIn 5 and PuCoIn 5 [43] . This result is suggestive, but not conclusive. By contrast, observing the kink in n f (T ) would provide conclusive evidence for composite pairing: in NpPd 5 Al 2 , the Np 4+ valence will increase smoothly with decreasing temperature as the 5f 3 → 5f 4 fluctuations turn on, but then kink sharply downwards at T c as the 5f 3 → 5f 2 fluctuations turn on (see Fig. 4(a) ). This would be a 'smoking gun' signature of composite pairing.
Conclusions
While hidden order and superconductivity do not initially appear related, they can both be explained by two-channel Kondo physics, where the development of Kondo coherence breaks the symmetry of an excited doublet or pseudo-doublet at a phase transition, rather than the usual Kondo crossover. For hastatic order, this symmetry is time-reversal, while for composite pairing it is U(1) charge conjugation. The two phases have similar condensation entropies coming from their two-channel Kondo origin, S ≈ 1 2 R log 2 and similar magnetic field dependences, including quantum critical points at or near their upper critical fields, as magnetic field splits both ground state doublets. Variations on the same non-Kramers theme should be relevant in other Pr and U compounds with different ground state doublets, as initially proposed in UBe 13 for the quadrupolar Γ 3 [44, 45] . Another possible extension is to combine the hastatic and composite pair pictures to explain superconductivity in systems like Fig 1(b) , but with the ground state and excited doublets switched, as seems likely in UBe 13 [46] .
